INTRODUCTION
I n addition, r e l a x a t i o n processes generally occur 1 Glassy metals are presently the subject o f intense fundamental and applied studies. The former now cover v i r t u a l l y a l l physical phenomena displayed by c r y s t a l 1 i n e sol ids, i n c l u d i n g t h e i r structure, e l e c t r o n i c properties, strength, etc., as w e l l as properties s p e c i f i c t o the glassy state, such as glass formation, g l a s s -l i q u i d t r a n s i t i o n , s t r u c t u r e modelling, and thermal s t a b i l i t y . Application-oriented work has been stimulated p r i m a r i l y by t e c h n i c a l l y i n t e r e s t i n g properties such as t h e i r magnetic softness combined w i t h high permeability, t h e i r outstanding corrosion r e s i stance properties and t h e i r high s p e c i f i c mechanical strength.
DEFINITION OF AMORPHOUS AND GLASSY METALS
To d e f i n e t h e glassy state, we t u r n t o Fig. 1 ( a f t e r Ref. 2) which shows the change o f a property such as t h e volume o r heat content w i t h temperature. When a l i q u i d i s supercooled ( i n constrained equi 1 ibrium) below the e q u i l i b r i u m melting p o i n t Tm, the v i s c o s i t y i -and w i t h i t the r e l a x a t i o n time T increases u n t i l a t a c e r t a i n temperature, designated t h e ( f i c t i v e ) glass t r a ns i t i o n temperature T the time a v a i l a b l e a t 9' temperature T becomes smaller than the r e l a x a t i o n 9 time T (T ) and the a l l o y leaves i n t e r n a l e q u i l -9 i brium, changing a t t h i s temperature from a supercoozed Liquid t o a glass. Upon subsequent reheating of t h e glass beyond T the regime o f t h e g supercooled 1 i q u i d s t a t e i s entered again, (unless c r y s t a l l i z a t i o n intervenes before Tg i s reached).
before T which a l t e r the glass and lower i t s 9 glass t r a n s i t i o n temperature; T i s thus a 9 f u n c t i o n o f the quenching and heating h i s t o r y of the glass.
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Figure 1
Metal 1 i c glasses are amorphous sol i d s ; ' J~ however, the l a t t e r term has wider meaning and includes also noncrystalline materials whose i n t e r n a l configurations do n o t correspond t o those o f any supercooled l i q u i d . As an example we mention amorphous a1 loys produced by i r r a -4 d i a t i o n methods ( e i t h e r from t h e c r y s t a l l i n e s t a t e o r a l i q u i d quenched glass); they lack the high degree o f short-range order t y p i c a l l y present i n 1 i q u i d quenched glassy metals. Such amorphous s o l i d s should n o t be designated as glassy according t o the present usage o f t h i s term. It should be apparent from the above discussion t h a t formation o f an amorphous material requires e i t h e r bypassing o f the c r y s t a l 1 i z a t i on process (e.g . by alternately, destruction of the c r y s t a l l i n i t y of a solid (by methods such as particle bombardment). Experimental approaches designed to accomplish t h i s are reviewed in the next section.
PREPARATION METHODS
Amorphous metals can be prepared by a variety of which can be divided into three main categories according to t h e i r main principle: atom-by-atom deposition; rapid liquid quenching; particle bombardment methods. (Probably some of the techniques based on the third principle actually also involve rapid liquid quenching as the active mechani sm. ) Operationally , the preparation methods based on these principles can be classified further as shown in Table 1 . Due t o space 1 imitations, these methods cannot be aescribed here In detail ; instead, some s a l i e n t aspects of t h e i r operation are reviewed briefly. n. 10" r.p1antat,on 1) ~w l m t a t l o n of class ramlng r l a n t r . Atom-by-atom methods are probably the most powerful ones f o r producing amorphous metals. By techniques such as vapor deposition or sputtering, alloys with which do not form glasses by any other method have been obtained i n the amorphous s t a t e , such as alloys with compositions corresponding t o high melting intermetallic phases. Further, thick samples usable for bulk processes can be obtained, e.g., by sputtering. On the other hand, the process i s expensive and alloys produced by i t are generally not ductile. Some liquid quenching methods, especially continuous melt flow methods such as melt spinning, have been 7 8 engineered to industrial maturity ind a r e capable of producing technologically important a1 lays as rapidly quenched glasses relativel) cheaply and in large amounts; with the product having the thin sheet shape desirable f o r some applications such 9 as magnetic sheets f o r use in transformers or as brazing f o i l s .
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Other liquid quenching methods such as those based on surface heating (glazing) and ion bombardment o r implantation offer promise f o r the production of glassy metal surfaces showing desirable corrosion o r wear resistance; ion implantation 10 i s presently much studied as a means of producing surface property improvements and i t was found recently t h a t the alloys formed from a base material by t h i s technique become amorphous when certain c r i t i c a l alloying compositions are reached.
GLASS FORMATION
The following discussion i s directed primarily at. glass formation from a liquid.
Fundamental Parameters Determining read.^ Glass Formation (RGF) : Upon supercooling a liquid below i t s liquidus temperature Tm, a glass will form a t the glass transition temperature T 9 i f crystallization of the melt into one or more crystalline phases i s avoided in the interval from Tm to T 3y11
Operationally, the important parag' Assuming t h a t homogeneous nucleation i s the mode of crystallization of the liquid and using pertinent expressions f o r the rates of nucleation and growth as functions of supercooling , the c r i t i c a l cooling r a t e leading t o crystallization of, e.g., ~5 % of the liquid can be calculated and T-T-T curves such as those shown e.g. in To retain a glass, the cooling process must be conducted such that the "nose" of the pertinent T-T-T curve i s avoided. Calculations'' using such diagrams show that the c r i t i c a l cooling rate Rc increases w i t h decreasing T , as shown in Fig. 3 of Ref. 13 . One often g r defines as "readily glass forming" such alloys f o r which Rc<%105 K/sec corresponding t o T gr -0.60.
In binary alloys, T varies monotonically 9 and slowly with composition x over wide ranges of X; in i t s variation with X , T therefore depends g r more strongly on Tm (which shows much larger changes with composition) than on T . the RGF s'
composition ranges are therefore primarily defined by Tm. Zr-Cu i s shown i n Fig. 2 as a typical binary system wlth a wide RGF composition range. 15
-8 c features of the equilibrium phase diagram) and the glass transition temperatures thus suffice to determine the RGF properties of an alloy; generally these quantities must be obtained experimentally and a r e not easy t o predict. However, recently considerable progress has been made16 in obtaining the energetics of liquid alloys of simple metals from f i r s t principles; in connection with calculations of the energies of the crystal1 ine phases involved, t h i s a1 lows construction of the phase diagram, and hence derivation of Tm, the principal quantity controlling the variation of T with X. Theoretical g r calculations of T do not yet e x i s t ; however, T 9 9 could be derived e.g. from claculations of the viscosity tl as a function of temperature1' (using the fact t h a t T can be defined a t the temperature a t which q % loq3P), yielding T and hence Rc. gr I t i s therefore likely that in the near future theoretical ab i n i t i o calculations of Rc for binary alloys will be made and t h a t the degree of glass forming a b i l i t y of known glass forming a1 Toys can then be confirmed and subsequently predicted f o r other, new compositions.
Operational Parameters Relating RGF Ability: As such calculations are not yet available, a number of operational parameters o r alloy properties have been used f o r the prediction of RGF ability. 3 The more important known parameters determining RGF a b i l i t y a r e l i s t e d in Table 2 
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Pertinent characteristics not requiring knowledge or claculation of the phase diagram include (a) the size r a t i o r/R of the components, which i s 4 . 8 5 f o r most RGF alloys and (b) the heat of formation AHM of the liquids, which i s <%-lo Kcal/ mole f o r most RGF alloys and can be obtained experimentally or theoretically by semiempi-rich1 approaches such a s that of Miedema who u t i l i z e s the el ectronegativi t i e s and electron concentrations of the constituent elements t o obtain AHM.
RGF Maps: Used singly, neither r/R nor AHlq suffices t o predict RGF ability. Together, however, they have been found t o provide a useful cri terium. Ready-glass-formation plots CRGF maps) can be constructed18 which show t h a t binary elemental combinations with size ratios r/R 0~0.85 and AHM<%-1 OKcal/mole generally possess RGF a b i l i t y . As an example, a partial RGF map f o r Ni i s given in Fig. 3 ; i t shows good division between elements readily forming glasses with Ni and those t h a t do not. I t should be noted t h a t these maps do not indicate the position and extent of the RGF composition range which i s determined by the phase diagram features such as low liquidus temperatures and competing stable intermetallic phases. Table 2 gives a l i s t i n g o f a l l o y phases t h a t have been 14 found t o be connected w i t h RGF i n b i n a r y systems.
Generally these phases have compositions l y i n g i n o r near t h e RGF composition range; however, if Laves-Friauf phases o f composition AB2 o r r e l a t e d phases e x i s t i n an RGF system t h e glass tends t o occur i n t h e "opposite" region o f the diagram where t h e l a r g e r element A i s t h e m a j o r i t y component.14'16y19 Presnece o f both an RGF glass and a Laves phase i n t h e same system i s so frequent t h a t one migh designate these glasses i n view o f t h e i r composition as " a n t i " -Laves phases. 19 
I n t h e context o f considering t h e glass as an a l l o y phase, T u r n b u l l ' s concept1' i s o f i n t e r e s t according t o which t h e r e may be a number o f a l l o y compositions f o r which t h e glass (formed by i n f i n i t e l y slow c o o l i n g ) i s t h e s i n g l e phase w i t h the lowest f r e e energy compared t o a1 1 p o s s i b l e i s o s t o i c h i o m e t r i c c r y s t a l l i n e s i n g l e phases; i t i s thus t h e s i n g l e phase ground s t a t e f o r t h i s composition. (Among organic glasses, t h e r e i s a t l e a s t one documented instance f o r which T > Tm, i.e., g where t h e glass forms upon c o o l i n g a t a temp* e r a t u r e above Tm and where the glass t r a n s i t i o n thus i s an e q u i l i b r i u m r e a c t i o n r a t h e r than
CLASSIFICATION Glassy metals can be c l a s s i f i e d on t h e basis o f t h e i r constituents. I n the l i g h t o f t h e preceding discussion o f -formation, e s p e c i a l l y t h e RGF maps, i t i s c l e a r t h a t ready glass formation i s n o t possible i f the c o n s t i t u e n t elements a r e a l l o y chemically too s i m i l a r ; f o r RGF t o occur they must d i f f e r i n s i z e by >s15% combined w i t h a negative heat o f mixing o f a -1 0 Kcal/mole (due t o e l e c t r o n concentratian and e l e c t r o n e g a t i v i t y d i f f e r e n c e ) . 21 On t h e other hand, t h e r e are probably a l s o upper l i m i t s t o t h e s i z e d i f f e r e n c e and negative heat o f mixing which a r e consonant w i t h RGF; t h i s p o i n t has n o t y e t been established.
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MECHANICAL PROPERTIES
In t h i s survey, we have space only t o discuss two s e t s of properties: e l a s t i c i t y , represented by the Young's modulus E, and plasticity, represented by the Vlcker ' s microhardness Hv.
W e survey the correlation of these properlles with each other and t h e i r variation with compos i t i o n f o r some representative glassy alloy systems.
Elasticity: The Young's moduli E of many metallic glasses have been accurately determined using dynaml'c methods such as the pulse echo technique which i s suitable for melt-spun ribbons of >10 cm length o r the impulse-induced resonance technique appropriate for short samples of c l cm length such a s those typically obtained by arc-furnace hammer-andanvil quenching. Plasticity: Due t o the absence of work hardening i n glassy metals, they f a i l shortly a f t e r the onset of plastic deformation in tension; accord* ngl y, tension stress-strai n measurements cannot be used a s an indicator of p l a s t i c strength. In compression, however, high strength values as measured, e.g., by the Vicker's microhardness Hv can be realized; t h i s strength measure i s therefore widely used. Hv has been shown to have a remarkably consistent correlation with the e l a s t i c i t y as measured by the Young's modulus E. For many metalloid-free metal-metal glasses varying over a wide range of strength values from s o f t glasses such as ca-znZ7 t o high strength glasses such as ~a -~r~' there is a 1 inear correlation between HV and E, 28 implying that f o r a l l of these glasses, regardless of the nature of t h e i r interatomic interactions, size r a t i o , etc., the yield s t r a i n e i s Thls result differs drastically from the s i tuatlon f o r crysta'lline alloys, f o r which the theoretical yield s t r a i n i s rarely reached due t o dislocation movements; S t imp1 l e s t h a t metallic glasses, due to the apparent absence of analogous defects promoting plastic deformation, "llve up to" t h e i r f u l l e l a s t i c strength potential more than crystalline materials. I t may be noted t h a t for metalloid containing glassy metals a somewhat dlfferent Hv vs. E curve exists, w i t h a narrow band of values corresponding t o somewhat differing E values; Y hen^^^^^ has suggested t h a t E depends on the Y differing Poisson r a t i o s v of these glasses.
Thermal Stability: Thermal effects of i n t e r e s t include, w i t h increasing temperature, relaxation processes, the glass transition temperature (where observable), the crystallization temperature(s1 and further transformation temperat u r e (~) . WP dn qot address the relaxation effects here.
Glass Trans1 tion Temperature T : T i s 9 9 generally regarded as the most fundamental measure of thermal glass s t a b i l i t y since the two structural e n t l t f e s involved in the glass transition, i.e., t h e glass and the super-cooled l i q u i d , are very s i m i l a r i n t h e i r atomic arrangements and many e l e c t r o n i c properties ( u n l i k e t h e phases involved i n a glass -+ c r y s t a l t r a n s i t i o n ) , d i f f e r i n g d r a s t i c a l l y i n viscosity, s p e c i f i c heat, and associated properties. A model f o r the glass t r a n s i t i o n can be given i n terms o f the f r e e volume theory i n which t h e glass trans i t i o n involves a cooperative rearrangeabllfty o f the f r e e volume Vf. 11
For an elemental glass o f atomlc mass M I s i s therefore reasonable t o model the glass t r a n s it i o n process I n analogy t o t h e model f o r t h e melting process used i n the d i n the absence o f observable glass t r a n s i t i o n s .
One expects t h a t t h i s r e l a t i o n s h i p between Tg
Probably t h e most important precaution necessary and E should be followed even more c l o s e l y than i n evaluating Tc as a measure of thermal s t a b i l i t y the corresponding Lindemann r e l a t i o n f o r the I s t o exclude "easy1' c r y s t a l 1 i z a t i o n processes melting p o i n t because o f t h e much closer s i m i l a r i t y from consideration such as those frequently between glass and 1 i q u i d than between l i q u i d taking place a t the end o f the glass forming and c r y s t a l . 32 Assuming t h e Lindemann r e l a t i o n range a t low a l l o y i n g element contents. An t o be valid, one would expect examole o f t h i s s i t u a t i o n i s shown i n Fig. 4 Unfortunately, these relationships f o r T cannot 9 be tested d i r e c t l y because elemental glasses always c r y s t a l l i z e f a r below t h e i r glass t r a n s i t i o n . Measured T values f o r glassy metal a l l r e f e r t o 9 a l l o y s r a t h e r than elements; unfortunately, as discussed above, f o r these compositions the r e l e v a n t property values of t h e c r y s t a l l i n e phases such as Ecr o r eD, , , are n o t y e t a v a i lable. I n any case t h e Lindemann formula cannot be expected t o h o l d f o r ordered i n t e r m e t a l l i c s because t h e imp1 i f i e d model f o r me1 t i n g assumed f o r i t may n o t agree w i t h t h e me1 t i n g mechanism f o r an ordered phase. Rather than attempting t o make comparisons o f the thermal properties o f glasses w i t h those o f the c r y s t a l l i n e phases a t t h i s time, we examine t h e r e l a t i o n between t h e thermal and e l a s t i c properties. f o r glassy alloys.
For the Zr-Cu system,15 e.g., T and E are 9 9 proportional t o composition over a wide composition . . f o r t h e Ca-A1 system,'9 where elemental Ca c r y s t a l l i z e s "easily" a t low A1 contents of 15-20 at.pct. Al, w h i l e above s30 at.pct. A1 t h e ' l i n t r i n s i c " s t a b i l i t y o f the glass w i t h respect t o c r y s t a l 1 i z a t i o n dominates t h e process. I n comparing glass s t a b i l i t y as measured by Tc for d i f f e r e n t systems, o n l y glasses w i t h high a l l o y l n g content should t h e r e f o r e be considered and, secondly, o n l y s i m i l a r compositions can be compared meaningful1 y. I f such precautions are taken, and i d e n t i c a l , high-alloy-composition glasses a r e compared f o r chemically r e l a t e d systems, remarkably consistent c o r r e l a t i o n s between Tc and E, as w e l l as between Tc and t h e equi 1 i brium me1 t i n g p o i n t s Tm o f t h e c r y s t a l 1 i ne phases a r e sometimes observed, as demonstrated f o r a serles o f T5-Tg glasses 34 (T5 = Nb, Ta, T9 = Rh, Ir) as shown i n Flg. 5. ~a n g~~ has attempted t o c o r r e l a t e glass s t a b f l l t y w i t h t h e ACKNOWLEDGEMENT Research a t Northeastern U n i v e r s i t y reviewed i n t h i s paper was funded by the U.S. National Science Foundation, O f f i c e of Naval hesearch and
